Postinfectious bronchiolitis obliterans (PIBO) is an irreversible obstructive lung disease characterized by subepithelial inflammation and fibrotic narrowing of the bronchioles after lower respiratory tract infection during childhood, especially early childhood. Although diagnosis of PIBO should be confirmed by histopathology, it is generally based on history and clinical findings. Irreversible airway obstruction is demonstrated by decreased forced expiratory volume in 1 second with an absent bronchodilator response, and by mosaic perfusion, air trapping, and/or bronchiectasis on computed tomography images. However, lung function tests using spirometry are not feasible in young children, and most cases of PIBO develop during early childhood. Further studies focused on obtaining serial measurements of lung function in infants and toddlers with a risk of bronchiolitis obliterans (BO) after lower respiratory tract infection are therefore needed. Although an optimal treatment for PIBO has not been established, corticosteroids have been used to target the inflammatory component. Other treatment modalities for BO after lung transplantation or hematopoietic stem cell transplantation have been studied in clinical trials, and the results can be extrapolated for the treatment of PIBO. Lung transplantation remains the final option for children with PIBO who have progressed to end-stage lung disease.
Introduction
Bronchiolitis obliterans (BO) is an irreversible obstructive lung disease characterized by subepithelial inflammation and fibrotic narrowing of the bronchioles 1) . Although histological classification of BO includes cryptogenic organizing pneumonia and obliterative or constrictive bronchiolitis, the term "BO" is interchangeable with constrictive bronchiolitis in the pediatric clinical field because most BO cases show pathological findings of constrictive bronchiolitis. The final finding of fibrosis in BO is caused by injury and subsequent inflammation of small airways by diverse insults such as infection, rejection, the graft-versus-host immune response, autoimmunity, and various chemicals.
In the pediatric clinical field, three main categories of BO are generally encountered: (1) postinfectious BO (PIBO), (2) BO after hematopoietic stem cell transplantation (HSCT), and (3) BO after lung transplantation (LT). These three categories all exhibit irreversible airway obstruction of small airways and related respiratory symptoms. However, in regards to pathophysiology, diagnosis, treatment, and prognosis, PIBO is somewhat different from the others. BO after HSCT or LT is diagnosed based on a decline in lung function measured serially, and is treated based on alloimmunity, including rejection and the graft-versus-host immune response. Therefore, treatment of BO after HSCT or LT may require more potent immunosuppressants than treatment of PIBO. This review focuses on the existing knowledge of the diagnosis and treatment of BO after HSCT or LT as well as PIBO, and how our current understanding of these diseases can be applied to inform better diagnosis and treatment of PIBO.
Epidemiology
The development of PIBO has been associated with adenovirus (serotype 3, 7, and 21), measles virus, influenza, and Mycoplasma pneumoniae infection [2] [3] [4] [5] [6] [7] . Although the prevalence of PIBO has not been estimated accurately, 0.6% of 3,141 autopsies and lung biopsies performed at a single center were diagnosed as BO, and most of these cases were PIBO 8) . The prevalence of BO after HSCT among cases with allogeneic HSCT is 2%-6% [9] [10] [11] [12] . The prevalence of BO after LT was markedly higher, up to 35% within 5 years posttransplant 13) , than the prevalence of PIBO and BO after HSCT. The prognosis of PIBO seems to be better than that of BO after HSCT or LT. Children with PIBO are heterogeneous in terms of the causative organism and age at injury. Pediatric pulmonologists can identify the cause and the time of injury only through retrospective review at the time of diagnosis. There are a few reports about the clinical course of PIBO that retrospectively collected information about the period before the diagnosis as well as prospectively collected information after diagnosis 13, 14) . The clinical course was reported to vary across 3.5 years of follow-up, in which 22.6% of cases went into remission, 67.7% had persistence of respiratory symptoms and signs, and 9.7% died 13) . Kim et al. 5) reported similar findings in Korea, where 25% of children with PIBO caused by adenovirus or M. pneumoniae showed improvement of disease state at the time of diagnosis. The subjects included in these two studies were recruited from tertiary hospitals; therefore, mild cases of PIBO might not have been included, and the prognosis of PIBO may be better than indicated by these hospital-based studies. In contrast, children with BO after HSCT have a poor prognosis, with a 5-year survival rate of 45%-59% versus 76%-77.5% in those without BO after HSCT 15, 16) . The 5-year survival rate of children with LT was about 50%, and BO was responsible for 48% of deaths in patients more than 5 years posttransplantation 17) .
Pathogenesis
The pathogenesis of BO has not been fully elucidated. There is limited information about the pathogenesis of PIBO in particular, because the causative organisms of PIBO are diverse, and the duration from the time of insult to the examination of histology and bronchoalveolar lavage (BAL) fluid cannot be accurately evaluated. Some pathological findings of PIBO, such as a variable degree of chronic inflammation and fibrosis in bronchioles, have been consistent across studies 18) . In children with postviral BO, the cellular infiltrate in the lung was mainly composed of CD3 + T cells with a predominance of the CD8 + T-cell subtype 18) . Koh et al. 6 6 ) demonstrated a marked increase in neutrophils and interleukin (IL) 8 in the BAL of children with PIBO, suggesting that this might be an effector cell in PIBO pathogenesis. Neutrophils were also predominant in the BAL of patients with BO after LT 19) . Further more, the degree of neutrophil elevation in BAL correlated with the stage of BO after LT 20) . Based on BAL studies of matrix metallo proteinases, reactive oxygen species, and defensins [21] [22] [23] [24] [25] [26] , Kennedy et al. 19) recently proposed that neutrophils play a central role in the pathogenesis of BO after LT. They proposed that epithelial cells in jured by diverse posttransplant insults release IL-8 and other proinflammatory cytokines, resulting in the recruitment of inflam matory cells, including neutrophils. They further suggested that these neutrophils produce matrix metalloproteinases, defensins, and reactive oxygen species, resulting in matrix degra dation, collagen deposition, fibroblast proliferation, and ultimately peri bronchial fibrosis 19) . The pathogenesis of BO after HSCT and LT is associated with alloreactivity, i.e., allograft rejection in lung transplant recipients or graft-versus-host disease in allo-stem cell transplantation. T-cell depletion prevented the development of BO after allogeneic HSCT 27) . This therefore indicates that T cells play a central role in the process of alloreactivity. Recently, Th17 cell-mediated autoimmunity to type V collagen, which is involved in tissue remodeling, was observed in patients with LT 28) . In an animal model of BO after LT, IL-17 expression was increased in the allograft, whereas peripheral Tregs were decreased 29) . Considering that IL-17 induces IL-8 secretion, Th17 cells could be responsible for the observed neutrophilia in the BAL of patients with BO after LT.
The pathogenesis of PIBO, as presumed from evidence related to PIBO and BO after LT or HSCT, is summarized in Fig. 1 .
The duration of inflammation after the insult in children with PIBO
Understanding how long inflammation lasts after the development of PIBO is important to inform the decision of how long patients with BO should be medicated with immunosuppressants, which are a common treatment due to the chronic inflammation. A relatively long-term follow-up study for PIBO by Cazzato et al. 30) showed persistent inflammation in the BAL of children with PIBO, wherein the median disease duration at the time of BAL assessment was 3.7 years (range, 0.1-9.6 years). However, this study included only a small number of subjects and included subjects with PIBO of unknown etiology. They also showed a decline in lung function including forced expiratory volume in 1 second (FEV 1 ; percent predicted), forced expiratory flow at 25%-75% of vital capacity (FEF 25%-75% ; predicted), and FEV 1 /forced vital capacity (FVC) ratio over a follow-up period of 10.2 years (interquartile range, 3.2-12.0 years). The authors suggested that the decline in lung function reflected progression of the disease over time and may be caused by ongoing inflammation, a contention that was supported by BAL findings. However, Zhang et al. 13) showed no deterioration of lung function in children with PIBO over a relatively short follow-up period. The study by Cazzato et al. 30) might have included severe cases that were followed for a long duration in hospital. Moreover, only studied a small number of subjects (n=11) were studied, therefore the results cannot be extrapolated to the general PIBO population.
A recent follow-up study of lung function in children with PIBO over a period of 35 months (range, 24-82 months) reported increased FVC and stable FEV 1 over time, resulting in a decline in the FEV 1 /FVC ratio, which suggests dysanaptic growth 31) . In addition, the authors reported persistent neutrophilic inflammation several years after the onset of disease in the absence of overt infection, as assessed by microbiological analysis. However, these BAL findings may be influenced by recent respiratory infection that may no longer be present at the time of BAL sampling. Moreover, children with PIBO may be more susceptible to respiratory infection than children without PIBO. Chronic bacterial colonization should also be considered as a potential cause of these results because cases with PIBO are frequently complicated by bronchiectasis. However, if the finding of persistent neutro philic inflammation several years after the onset of disease in these patients is accepted, the factors that may drive this must be considered. One potential factor is the presence of T cells against a certain peribronchial antigen to which the patient is exposed after initial injury, as suggested by the pathophysiology of BO after HSCT. However, there have been no PIBO studies that address this issue. It is currently not known how long inflammation lasts after the initial insult in children with PIBO. Some patients with PIBO may have persistent inflammation, resulting in progressive decline of graft-versus-host diseases with restrictive lung disease, such as scleroderma, bronchiolitis obliterans organizing pneumonia, and myositis, should be ruled out. Therefore, reduced FEV 1 alone is not sufficient to represent airway obstruction and FEV 1 /vital capacity should be included in the criteria. In addition, FVC could decrease due to early collapse of the airway during a forced expiratory maneuver, and thus FEV 1 /slow vital capacity may be a better marker of obstruction 35) . However, lung function tests using spirometry are not feasible in young children, and most cases of PIBO develop during early childhood. The data reported by studies using spirometry has not provided a diagnostic value in children at risk of PIBO but demonstrates long-term lung function in children with established PIBO, including airway and lung development. Further studies focused on obtaining serial measures of lung function in infants and toddlers with a risk of BO after lower respiratory tract infection are therefore needed.
Exhaled nitric oxide (eNO) was increased in patients with BOS after LT 36) , and served as a predictive value for future BOS 37) . However, eNO was also increased in patients with respiratory infection after LT, indicating that it is a nonspecific marker of airway inflammation 37) . In contrast to the results in BOS after LT, eNO was lower in stem cell recipients with BO than in stem cell recipients without BO 15) . eNO measurement might have been performed in the fibrotic phase in this study, or the pathophysiology of BOS after HSCT might be different from that of BOS after LT. However, there is no information on the role of eNO in the diagnosis and monitoring of children with PIBO.
Treatment
Although the optimal treatment of PIBO has not been established, corticosteroids have been used to combat the inflammatory component. Systemic steroids can be used rather than inhaled steroids in consideration of the obliteration of the small airways. Prolonged oral steroid therapy over a period of 2 months to 2 years was applied to about 70% of children with PIBO in a relatively long-term observational study 13) . Some studies have used lung function. Others may have inflammation for a short duration after the insult, but impaired development of airways with conserved normal lung growth.
Diagnosis
Although a diagnosis of PIBO should be confirmed by histopathology, most pediatric pulmonologists diagnose PIBO based on history and clinical findings according to the following criteria: (1) acute severe respiratory infection during childhood, especially early childhood; (2) persistent airway obstruction after initial insult and unresponsiveness to systemic steroids and bronchodilators, as demonstrated by clinical symptoms and signs, and a lung function test, if it can be performed; (3) mosaic perfusion, air trapping, and/ or bronchiectasis in chest computed tomography; and (4) exclusion of other chronic lung diseases such as severe asthma, bronchopulmonary dysplasia, chronic aspiration, primary ciliary dyskinesia, cystic fibrosis, immunodeficiency, and alpha-1-antitrypsin deficiency (Table 1) . Recent studies of clinical predic tion rules to diagnose PIBO in children found that typical clinical history, adenovirus infection, and high-resolution computed tomography with mosaic perfusion were highly predictable variables 32) . The diagnosis criteria for BO after LT were revised in 2001 33) . The revised criteria use the term bronchiolitis obliterans syndrome (BOS), which is defined by a change in pulmonary function and does not necessarily require histological confirmation. A diagnosis of potential BOS (BOS 0-P) was added to the previous staging system to enable early detection of BOS, and is defined as a 10%-19% decrease in FEV 1 and/or ≥25% decrease in FEF 25%-75% from baseline. FEF 25%-75% was more sensitive than FEV 1 at detecting small airway obstructions, and thus may be useful for diagnosing and monitoring the progression of PIBO. However, FEF 25%-75% did not demonstrate good reproducibility (coefficient of variation, 10%) 34) . Chien et al. 35) proposed a modification of the US National Institute of Health consensus definition of BOS in patients with BOS after HSCT. The proposed criteria are slightly different from the criteria for BOS after LT. To diagnose BO after HSCT, other chronic CT (inspiration and expiration): mosaic perfusion, air trapping, and/or bronchiectasis.
Exclusion of other chronic lung disease (asthma, BPD, chronic aspiration, PCD, cystic fibrosis, and immunodeficiency).
Postinfectious bronchiolitis obliterans is clinically diagnosed when all of the above criteria are met. pulse therapy with methylprednisolone (30 mg/kg/day) for 3 days per month to treat PIBO, and this strategy is expected to have fewer side effects compared to daily oral steroids 5, 38) . Systemic steroids should be given in the early period of the disease, before fibrosis is established. By the time a diagnosis of PIBO is made, the small airways might already be obliterated with fibrosis. Furthermore, after the start of systemic steroids to treat PIBO, the question arises as to how long inflammation lasts after the development of PIBO. Since the answer to this question is unknown, it is difficult to know when to start and finish systemic steroid therapy. Although the timing of the decision to treat the disease and the duration of small airway inflammation differs between BO after HSCT and PIBO, seven of nine patients after HSCT receiving up to six cycles of methylprednisolone pulse therapy were clinically stable without further decline of lung function 39) . Other immunosuppressants, including methotrexate, azathioprine, cyclophosphamide, thalidomide, imatinib, and etanercept, have been tested in patients with BOS after LT or HSCT. Although most studies are retrospective, case series, or case-control designed, the results are not promising [40] [41] [42] [43] [44] , and there are no reports of the use of these drugs in children with PIBO.
Although, theoretically, a bronchodilator response should be absent in children with fixed airway obstruction such as in PIBO, a positive bronchodilator response ranging from 10% to 42.9% was present in children with PIBO 13, 30, 45) . The use of a bronchodilator beta-2-agonist should be applied on an individual basis according to the bronchodilator response. Recently, tiotropium bromide, an anticholinergic agent was shown to improve airway obstruction and air trapping for 24 hours in children with PIBO 46) . In addition, it has been suggested that azithromycin, a macrolide antibiotic with anti-inflammatory properties, may be beneficial for the progression of BOS after LT or HSCT, however, the results are controversial [47] [48] [49] [50] . In children with PIBO, azithromycin has been used clinically without supporting evidence 31) . LT remains the final option for children with BO after LT or HSCT who have progressed to end-stage lung disease. Of 31 transplanted cases with diffuse lung disease, except for cystic fibrosis and pulmonary vascular disease, in a two hospital-based study, two were children with PIBO 51) . LT should be considered for children with PIBO who have progressed to end-stage lung disease.
Conclusions
PIBO is an irreversible obstructive lung disease that is characterized by subepithelial inflammation and fibrotic narrowing of the bronchioles after lower respiratory tract infection during childhood, especially early childhood. Although diagnosis of PIBO should be confirmed by histopathology, it is generally based on history and clinical findings. The optimal treatment for PIBO has not been established, but corticosteroids have been used with the aim of reducing the inflammatory component. LT remains the final option for children with PIBO who have progressed to endstage lung disease.
